The population persistence of schizophrenia despite associated reductions in fitness and fecundity suggests that the genetic basis of schizophrenia has a complex evolutionary history. A recent meta-analysis of schizophrenia genome-wide association studies offers novel opportunities for assessment of the evolutionary trajectories of schizophrenia-associated loci. In this study, we hypothesize that components of the genetic architecture of schizophrenia are attributable to human lineage-specific evolution. Our results suggest that schizophrenia-associated loci enrich in genes near previously identified human accelerated regions (HARs). Specifically, we find that genes near HARs conserved in nonhuman primates (pHARs) are enriched for schizophrenia-associated loci, and that pHAR-associated schizophrenia genes are under stronger selective pressure than other schizophrenia genes and other pHAR-associated genes. We further evaluate pHAR-associated schizophrenia genes in regulatory network contexts to investigate associated molecular functions and mechanisms. We find that pHAR-associated schizophrenia genes significantly enrich in a GABA-related coexpression module that was previously found to be differentially regulated in schizophrenia affected individuals versus healthy controls. In another two independent networks constructed from gene expression profiles from prefrontal cortex samples, we find that pHAR-associated schizophrenia genes are located in more central positions and their average path lengths to the other nodes are significantly shorter than those of other schizophrenia genes. Together, our results suggest that HARs are associated with potentially important functional roles in the genetic architecture of schizophrenia.
Introduction
Schizophrenia is a severe and debilitating mental disorder that is typically characterized by symptoms such as hallucinations, delusions, and lack of concentration. Its onset usually occurs in early adulthood and is often associated with decreased reproductive success and increased mortality. Despite the evident reduction of fitness, schizophrenia affects approximately 1% of adults worldwide and is considered a fairly common mental disorder. In addition, the heritability of schizophrenia is approximately 70%, placing it among the most heritable mental disorders (Sullivan et al. 2003; van Dongen and Boomsma 2013) . The prevalence and high heritability together with the fact that schizophrenia traits are not observed in other species gives rise to the hypothesis that the origin of the disease could be linked to evolutionary trajectories underlying human-specific traits such as the development of language or the disproportionately high consumption of energy by the human brain (Burns 2004; Preuss 2012) . It has been theorized that mutations beneficial to human cognitive abilities might have been favored by natural selection but also predispose the risk of schizophrenia (Crow 1997 (Crow , 2008 . Some studies offer empirical evidence that some genes associated with schizophrenia have undergone positive selection (Crespi et al. 2007; Lo et al. 2007) . However, those studies were focused on a limited number of genes.
Recent findings from genetic associations studies of psychiatric diseases offer new opportunities to reexamine the evolutionary trajectories of schizophrenia genetics. The Psychiatric Genomics Consortium (PGC) recently performed a meta-analysis combining genotype data from multiple schizophrenia genome-wide association (GWA) studies. The combined meta-analysis cohort included 36,989 schizophrenia cases and 113,075 controls, representing the largest GWA study ever performed on any psychiatric diseases (Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014). Due to the exceptionally large sample size, they identified 83 new loci that passed genome-wide significance in addition to previously identified loci, providing novel insights to schizophrenia etiology. The GWA summary statistics offer a more comprehensive and quantitative representation of the genetic architecture underlying schizophrenia compared with previous candidate gene studies.
As schizophrenia traits appear to be human-specific it has been hypothesized that schizophrenia or its underlying genetic risk factors may be the result of human-specific brain evolution (Ogawa and Vallender 2014) . Human accelerated regions (HARs) are genomic segments that are highly conserved among nonhuman species but experienced accelerated substitutions in the human genome . Thus, HARs can serve as genomic markers for human-specific evolution. Previous studies have demonstrated that HARs are mostly noncoding and likely to be regulatory elements responsible for human-specific traits. For example, Pollard et al. identified 202 HARs through comparative genomics between human and nonhuman mammals and found that the most significant HAR (named HAR1A) to be a novel long-noncoding RNA expressed in the development of human neocortex Pollard, Salama, Lambert, et al. 2006 ). Other studies also have shown that genomic regions enriched with human-specific substitutions tend to be involved in regulation of nervous system development and other developmental processes (Prabhakar et al. 2006; Xu et al. 2013) . Capra et al. (2013) assembled the HARs identified from different studies and predicted that at least 30% of the HARs were human developmental enhancers, and experimentally validated enhancer activity for 24 of 29 tested HARs.
Given HARs' unique sequence characteristics and potential influence on human-specific traits, we hypothesize that HARs may have contributed to the emergence of psychiatric diseases such as schizophrenia. Tolosa et al. (2008) examined HAR1A in a candidate region case-control study of schizophrenia patients and found no evidence of significant association between HAR1A and the disease. However, to our knowledge, HARs have not been systematically examined in any psychiatric diseases. The recent results from the PGC meta-analysis provide a novel opportunity to investigate systematically the role of HARs in schizophrenia.
In this study, we aim to perform a genome-wide evolutionary assessment of the overlap between schizophrenia-associated loci and HARs. We consider three different types of HARs, namely, HARs based on conservation of nonhuman mammals (mHAR), HARs based on conservation of nonhuman primates (pHAR), and primate accelerated regions (PARs) based on conservation of nonprimate mammals (PAR). We find that schizophrenia loci are strongly enriched in genes near the pHARs, moderately enriched in genes near the PARs, but not enriched in genes near the mHARs. We show that pHAR-associated schizophrenia genes are under stronger selective pressure compared with the other schizophrenia genes. We then demonstrate that pHAR-associated schizophrenia genes have unique topological organization in two independent regulatory networks constructed from samples of human prefrontal cortex, and are enriched in a coexpression module that is dysregulated in schizophrenia. Finally, we provide evidence that schizophrenia loci are enriched in genes that have experienced human-specific expression shifts compared with other primates in the brain and specifically the cerebellum but not in other organs such as kidney and liver. These findings suggest that human-specific evolutionary changes may have contributed to the genetic architecture underlying schizophrenia traits in modern human populations.
Results

Schizophrenia-Associated Loci Harbor Highly Significant Number of Genes Near pHARs
To test whether the HARs or PARs are involved in schizophrenia, we first impute genomic intervals associated with schizophrenia based on the clumped GWAS single nucleotide polymorphisms (SNPs) from the meta-analysis by PGC (see Materials and Methods). The median length of the imputed intervals is approximately 52 kb under the threshold of nominal P-value < 1e-2. Because most HARs and PARs are short (<1,000 bp) and evidence suggests that HARs tend to be regulatory elements that influence the transcriptional activity of nearby genes Capra et al. 2013) , genes in 100 kb flanking regions are considered to be associated with the HARs or PARs (Lindblad-Toh et al. 2011) . To test for enrichment of the schizophrenia GWAS regions with genes associated with HARs or PARs, we use INRICH as it accounts for confounding factors such as SNP density as well as number of overlapping genes (Lee et al. 2012; see Materials and Methods) . To ensure robustness, we conduct enrichment tests using six different nominal P-value thresholds separately: P < 1e-2, P < 1e-3, P < 1e-4, P < 1e-5, P < 1e-6, and P < 1e-7. After removing nongenic intervals and merging the overlapping ones, we have 4, 302, 1, 676, 714, 329, 158 , and 88 intervals tested under each of the P-value thresholds, separately. We find that under all of these thresholds except for P < 1e-7, the imputed schizophrenia GWAS regions are significantly enriched with pHAR-associated genes but not significantly enriched with mHAR-associated genes after stringent multiple testing correction ( fig. 1) . Interestingly, PAR-associated genes also show significant enrichment with the schizophrenia GWAS regions under nominal P < 1e-4 and nominal P < 1e-5, although only marginal significance is observed after multiple testing correction ( fig. 1) . Note that the inconsistent significance among different types of accelerated regions is not due to difference in numbers of genes covered by their respective flanking regions. In fact, the number of mHAR-associated genes is intermediate compared with the number of pHAR-associated genes and the number of PARassociated genes (supplementary fig. S1A , Supplementary Material online). Thus, these results suggest that HARs may play an important role in regulating genes associated with schizophrenia, but not all HARs are equally important. The fact that schizophrenia GWAS regions are significantly enriched in pHAR-associated genes but not in mHAR-associated genes indicates that a significant amount of genes involved in schizophrenia tend to be regulated by genomic elements that are unique to human relative to nonhuman primates after the primates diverged from other mammals. In addition, pHARs may not be conserved in nonprimate mammals or may be different between primates and other mammals.
Because the HAR-associated genes are enriched in neurodevelopmental processes ([Lindblad-Toh et al. 2011; Capra et al. 2013] and results below), one may argue that the enrichment we observed when using all the human genes as background might simply indicate that both schizophrenia genes and pHAR genes are brain related. To rule out this possibility, we repeat INRICH analysis with the same data sets except that this time we use brain-expressed genes instead of all human genes as background. Specifically, we consider two sets of brain-expressed genes: genes that are expressed in the brain and genes that are highly expressed in the brain (see Materials and Methods) . Both data sets yield the similar pattern of enrichment as when using all the autosomal genes as background ( fig. 1 ). The schizophrenia GWAS regions are still significantly enriched in pHAR-associated genes but not mHAR-associated genes. In addition, compared with the marginally significant enrichment with PARassociated genes when using all the autosomal genes as background, linkage disequilibrium (LD) intervals under the threshold P < 1e-5 show significant enrichment in PAR-associated genes after multiple testing correction when using brain-expressed genes as background.
Next, we investigate selective constraint on the HAR-and PAR-associated schizophrenia genes. Because the schizophrenia GWAS regions under the threshold P < 1e-4 exhibit the highest degree of enrichment compared with the other Pvalue thresholds and they cover reasonable amount of genes (supplementary fig. S1B , Supplementary Material online), we use gene sets involved in this P-value threshold for the following analyses.
pHAR-Associated Schizophrenia Genes Are Subject to Stronger Selective Pressure
If genes regulated by HARs or PARs are essential for certain biological functions in humans, these genes should be under stronger selective constraint. Human-chimpanzee pairwise nonsynonymous to synonymous substitution rate ratios (d N /d S ) capture the selective pressure on genes after the two species started to diverge from their common ancestor, which is when HARs started to evolve according to how HARs are identified Lindblad-Toh et al. 2011) . We therefore examine human-chimpanzee pairwise d N /d S values among different sets of genes: pHAR-associated autosomal genes, mHAR-associated autosomal genes, PAR-associated autosomal genes, and all human autosomal genes. We find that while there is no significant difference between d N /d S of the three groups of AR-associated genes, both pHAR-and mHAR-associated genes have significantly lower d N /d S than all the autosomal genes ( fig. 2, Because we are interested in schizophrenia genes and we observe that different sets of HAR-associated genes exhibit varying degrees of enrichment with the schizophrenia LD intervals, we wonder if the pattern also holds for d N /d S comparison among different sets of schizophrenia genes. For the gene sets shown in supplementary figure S1B, Supplementary Material online, that is, under the threshold P < 1e-4, we compare the d N /d S values of HAR-associated schizophrenia gene to those of all schizophrenia genes. We find that while pHAR-associated schizophrenia genes still show significantly lower d N /d S than all the schizophrenia genes (P = 0.010, Wilcoxon Rank-sum test), mHAR-associated schizophrenia genes do not show significant difference compared with all the schizophrenia genes ( fig. 2 ). This is consistent with the observation that the schizophrenia LD intervals are only significantly enriched in pHAR-but not mHAR-associated genes.
Interestingly, as shown in figure 2, schizophrenia genes generally have lower d N /d S than their counterparts for every pair of gene sets, that is, pHAR pair, mHAR pair, PAR pair, and autosomal pair. The difference is most pronounced between all schizophrenia genes and all autosomal genes (P = 2.24e-5, Wilcoxon Rank-sum test), suggesting that coding sequences of the schizophrenia genes are under stronger purifying selection. This is consistent with a previous study showing that most disease variants are evolutionarily more conserved than nondisease variants (Dudley et al. 2012) . For the three sets of HAR or PAR genes, only pHAR-associated schizophrenia genes show significantly lower d N /d S than all the pHAR-associated genes (P = 0.044, Wilcoxon Rank-sum test).
We repeat the whole analysis using
The results are fairly similar. We also repeat the analysis using brain-expressed genes (supplementary fig. S2 , Supplementary Material online). The patterns are generally the same except for slightly varying significance. Notably, for both data sets of brain-expressed genes, pHAR genes and schizophrenia genes still have significantly lower d N /d S than all autosomal genes. The difference of d N /d S between pHAR-associated schizophrenia genes and all the schizophrenia genes, however, becomes marginally significant for genes expressed in the brain (P = 0.069, Wilcoxon Rank-sum test) (supplementary fig. S2A , Supplementary Material online) and not significant for genes highly expressed in the brain (supplementary fig. 2B , Supplementary Material online).
Although human-chimpanzee pairwise d N /d S share the same evolutionary time frame with the HARs, these two species are closely related to each other, and therefore, the selective pressure comparisons based on these two species only may not be robust. We therefore conduct another set of comparisons using human-macaque pairwise d N /d S (supplementary fig. S3 , Supplementary Material online). The resulted pattern between gene sets is similar to that using humanchimpanzee pairwise data. In fact, the statistical significance becomes stronger for almost all pairs of comparisons mentioned above. Interestingly, mHAR-associated schizophrenia genes show significantly lower human-macaque pairwise d N / d S than both all schizophrenia genes (P = 0.018, Wilcoxon Rank-sum test) and all mHAR genes (P = 0.016, Wilcoxon Rank-sum test), neither of which is significant with data from human and chimpanzee.
pHAR-Associated Schizophrenia Genes Are Enriched in a Coexpression Module that's Dysregulated in Schizophrenia
Having found that pHAR-associated schizophrenia genes are under stronger selective pressure, we next investigate whether these genes are functionally important for schizophrenia. We use a recent weighted gene coexpression network analysis (WGCNA) in schizophrenia to test for enrichment of pHAR-associated schizophrenia genes in specific gene coexpression modules. WGCNA is a systems biology approach that aims to assign highly correlated genes into clusters (modules) based on their expression profiles (Zhang and Horvath 2005) . Summarized information from each module can be used to link different modules to phenotypic traits or clinical variables. A recent analysis including 21 cases with schizophrenia and 19 control samples across four brain regions identified 32 coexpression modules, five of which showed significant differential expression between cases and controls (Roussos et al. 2012) . More specifically, these modules were enriched in mitochondria, microglia, GABAergic, glutamatergic, and oligodendrocyte-related genes. Using multiple published GWA studies, they found that the neuronal (GABAergic and glutamatergic) and oligodendrocyte modules were significantly enriched for schizophrenia genetic risk variants, providing additional support for more direct involvement of these gene expression modules in schizophrenia. For each of the 32 modules, we do enrichment test for the pHAR-associated schizophrenia genes as well as all the schizophrenia genes using Fisher's exact test (table 1) . After Benjamini-Hochberg correction for multiple testing, only GABA module is significantly enriched in the pHAR-associated schizophrenia genes (multiple testing corrected P = 0.017, odds ratio = 3.83). We then perform permutation test by randomly selecting 377 genes (number of genes in the GABA module) from the gene list of the coexpression network and running Fisher's exact test for 100,000 times. The observed odds ratio of the enrichment in the GABA module is significantly larger than those from permutation (P-value = 0.006). The GABA module, enriched with genes related to GABAergic neurons, is one of the five modules that were previously found to be significantly dysregulated in schizophrenia and enriched for schizophrenia-associated variants (Roussos et al. 2012) . In comparison, the enrichment in the GABA module is not significant for all the schizophrenia genes (table 1) . In fact, none of the modules has P-value smaller than 0.05 after stringent multiple testing correction for all schizophrenia genes (table 1) . We also apply a more conservative analysis to further evaluate the enrichment of the pHAR-associated schizophrenia genes in the GABA module. Specifically, we use INRICH to test whether the schizophrenia GWAS regions that overlap with at least one pHAR gene are enriched in any of the modules. We find that among the 32 tested modules, the GABA module shows marginal significance (P = 0.064), together with two other modules also showing marginal significance: the PV(+) 2 module (parvalbumin-expressing neurons, P = 0.081) and the ASTRO 1 module (astrocytes, P = 0.088). However, none of them passes multiple testing correction through INRICH's second round of permutation.
pHAR-Associated Schizophrenia Genes Are Enriched in Functional Categories Related to Synaptic Formation
To investigate functional characteristics of the schizophrenia genes that are potentially regulated by accelerated regions, we perform a series of functional enrichment tests for the following gene sets: all schizophrenia genes, pHAR-associated schizophrenia genes, PAR-associated schizophrenia genes, and mHAR-associated schizophrenia genes. As expected, the schizophrenia genes are enriched in several Gene Ontology (GO) categories related to neurological processes such as synapse and neuron projection ( fig. 3A) . Notably, the enrichment in calcium channel complex is consistent with previous findings that genes from this family are involved in schizophrenia (Cross-Disorder Group of the Psychiatric Genomics Consortium 2013; Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014). For pHARassociated schizophrenia genes, which is a subset of the gene set in figure 3A , show more significant GO categories ( fig. 3B ). Intriguingly, they are enriched in the following functional categories that do not exist in figure 3A : neuron differentiation, cell adhesion, plasma membrane, and cadherin binding, which are related to brain development and synapse formation. In contrast, mHAR-associated schizophrenia genes are not significantly enriched in any GO categories, and PARassociated schizophrenia genes are only significantly enriched in one GO category: cell adhesion molecule binding (Benjamin-Hochberg adjusted P = 0.011). Finally, to disentangle the functional enrichment between pHAR-associated schizophrenia genes and the rest of the schizophrenia genes, we use schizophrenia genes instead of all the genes in the human genome as background to test for GO enrichment of the pHAR-associated schizophrenia genes. We find that after correcting for multiple comparisons, cell adhesion (Benjamin-Hochberg adjusted P = 0.095), biological adhesion (Benjamin-Hochberg adjusted P = 0.095), and plasma membrane (Benjamin-Hochberg adjusted P = 0.0015) are still significantly enriched (fig. 3C ). This is concordant with a recent study showing that schizophrenia susceptibility is contributed Network structure provides a systematic view for genes' roles in disease pathways and could also reflect their essentiality and evolutionary properties (Jeong et al. 2001; Wuchty 2004 ).
As we have identified module enrichment and functional characteristics of the pHAR-associated schizophrenia genes, we wonder if these genes also harbor topological specialties in a network. We investigate this by constructing a coexpression network using a public data set comprising gene expression profiles of human prefrontal cortex from 220 postmortem samples (see Materials and Methods for details). The network contains 36 modules and 11,103 genes. We use eigengenebased connectivity, which is measured as the absolute value of correlation coefficient between expression profiles of a gene and the eigengene of a module (Langfelder and Horvath 2007) , to examine how strongly a gene is connected to other genes in a module. We find that schizophrenia genes have a median connectivity 0.581, significantly higher than median connectivity of 0.568 of the other genes in the network (P = 0.007, Wilcoxon Rank-sum test). Similarly, pHAR genes also show significantly higher connectivity than the other genes in the network (0.600 vs. 0.568, P = 0.004, Wilcoxon Rank-sum test). But there is no significant difference of connectivity between schizophrenia genes and pHAR genes. The fact that both schizophrenia genes and pHAR genes are more strongly connected to the genes in the Functional enrichment test of (A) schizophrenia genes (nominal P < 1e-4) using all the human genes as background, (B) pHAR-associated schizophrenia genes using all the human genes as background, and (C) pHAR-associated schizophrenia genes using the schizophrenia genes as background. The x axis represents fold enrichment. All the GO terms in the three figures have Benjamin-Hochberg adjusted P < 0.05 except for "cell adhesion" and "biological adhesion" in figure 3C , where they have Benjamin-Hochberg adjusted P < 0.1. BP, biological processes; CP, cellular components; MF, molecular functions. modules where they belong suggests their important roles in the network. Importantly, we also find that pHAR-associated schizophrenia genes show higher connectivity than other schizophrenia genes (0.615 vs. 0.579), although the significance is marginal (P = 0.068, Wilcoxon Rank-sum test). We find no significant difference of connectivity between the pHAR-associated schizophrenia genes and the pHAR genes not associated with schizophrenia (0.615 vs. 0.594, P = 0.148, Wilcoxon Rank-sum test).
To further investigate the topological difference between the pHAR-associated schizophrenia genes and other schizophrenia genes as well as other pHAR genes, we construct a Bayesian network based on gene expression profiles from another independent set of human prefrontal cortex samples (see Materials and Methods for details). The network is composed of a large connected component and several small connected components with about 7,000 genes and 8,000 edges ( fig. 4) . Mapping the schizophrenia genes to the network (blue and magenta nodes in fig. 4 ), we find that while most of them fall in the center of the largest connected component, some of them are located in the periphery of the largest component and some are located in the small components. Intriguingly, all the pHAR-associated schizophrenia genes are located in the center of the largest component and none of them falls in the small components (magenta nodes in fig. 4 ). We compare a series of network statistics such as centrality (degree, betweenness, and closeness), average shortest paths lengths, and eccentricity between pHAR-associated schizophrenia genes and other schizophrenia genes within this network (table 2). We find that while there is no significant difference in degree and betweenness between these two sets of genes (P 4 0.1, Wilcoxon Rank-sum test), pHAR-associated schizophrenia genes have significantly greater closeness (P = 0.025, Wilcoxon Rank-sum test), significantly lower average shortest paths length (P = 0.025, Wilcoxon Rank-sum test), and significantly lower eccentricity (P = 0.001, Wilcoxon Rank-sum test) than other schizophrenia genes, indicating that pHAR-associated schizophrenia genes reside in more central positions and can reach other genes in the network more efficiently. This is consistent with our observation that pHAR-associated schizophrenia genes have higher connectivity than other schizophrenia genes to the genes in the modules from the above-mentioned coexpression network because the eigengene-based connectivity measures the connection strength between one gene to all the genes in a module. As a comparison, we also examine the same five network statistics between the pHAR-associated schizophrenia genes and the pHAR genes not associated with schizophrenia (table 2). We find that except for eccentricity, the other four network statistics have no significant difference between the two data sets. Intriguingly, pHARassociated schizophrenia genes have significantly lower eccentricity than the pHAR genes not associated with schizophrenia (P = 0.040, Wilcoxon Rank-sum test). The smaller eccentricity of the pHAR-associated schizophrenia genes compared with other schizophrenia genes and other pHAR genes indicates their unique topological positions in the network. The eccentricity findings suggest that pHAR-associated schizophrenia genes are able to reach, and potentially influence, other genes in the network through fewer interactions compared with the other groups. A previous study also demonstrates that node eccentricity rather than degree or closeness significantly correlates with several functional data including gene expression level and gene essentiality in a yeast protein-protein interaction network (Xu et al. 2011 ).
Discussion
In this study, we present evidence that the schizophrenia GWAS regions are enriched in genes near genomic regions that are highly conserved among nonhuman primates but experienced accelerated evolution in the human lineage (pHARs). We further demonstrate that this enrichment is not due to the fact that most genes covered by the schizophrenia GWAS regions are expressed in the brain and HARassociated genes are involved in brain development by using brain-expressed genes as background. Similarly, the schizophrenia GWAS regions are also moderately enriched in genes near genomic regions that have accelerated in primate lineages but are conserved in nonprimate mammals (PARs). Interestingly, schizophrenia GWAS loci are not enriched in genes near genomic regions that have accelerated in humans but are conserved across nonhuman mammals (mHARs). This pattern does not seem to be attributed to the overlapping genes associated with the three types of accelerated regions. As shown in supplementary figure S1A, Supplementary Material online, the proportion of overlapping genes between pHAR and mHAR is the highest (22.9%), followed by the overlap between pHAR and PAR (9.2%) and the overlap between PAR and mHAR (8.6%). These patterns suggest that genes exclusively associated to one type of accelerated regions are more likely to contribute to the significance of enrichment. For example, CNTN4 and IGSF98, which are responsible for synaptic function and plasticity, are exclusively pHAR associated. Glutamatergic neurotransmission gene GRIN2A is exclusively PAR associated.
The results from selective pressure comparison on proteincoding sequences of the genes near accelerated regions using human-chimpanzee pairwise d N /d S values are consistent with the degree of enrichment of schizophrenia GWAS regions with the three types of accelerated regions. We first demonstrate that genes near pHARs and mHARs have significantly lower human-chimpanzee pairwise d N /d S compared with all the autosomal genes. We then show that pHAR-associated schizophrenia genes have significantly lower d N /d S than all the schizophrenia genes but mHAR-associated schizophrenia genes do not have significantly different d N / d S compared with all the schizophrenia genes, consistent with the fact that schizophrenia GWAS regions are significantly enriched in pHAR-associated genes but not in mHAR-associated genes. The evolutionary forces driving human accelerated substitutions could be either positive selection or neutral processes (Kostka et al. 2012; Hubisz and Pollard 2014) . Because the reduced d N /d S values suggest stronger selective pressure on the genes near the HARs, it seems unlikely that the HARs have evolved neutrally. In fact, only a small proportion of HARs (~15%) are driven by biased gene conversion, which is a recombination-associated neutral process (Lindblad-Toh et al. 2011) . But biased gene conversion and loss of constraint can also contribute to phenotypes, especially loss-of-function. It is also worth noticing that overall the schizophrenia genes show lower d N /d S values than all the autosomal genes, suggesting that genes associated with schizophrenia are generally under stronger purifying selection.
Hence, this finding is contradictory to previous studies showing that genes causing schizophrenia tend to be under positive selection (Crespi et al. 2007; Lo et al. 2007 ). Instead, the enrichment of schizophrenia GWAS regions in the neighborhood of pHARs suggests that regulatory elements of schizophrenia genes are likely to be under positive selection.
FIG. 4.
The constructed Bayesian network of human prefrontal cortex in a force-directed layout. Both blue nodes and magenta nodes represent schizophrenia genes (nominal P < 1e-4) except that magenta nodes are pHAR-associated schizophrenia genes. The rest of the nodes (in green) represent other genes in the network. Although some of the blue nodes are located at the periphery of the largest connected component as well as in the small components, all the magenta nodes are in the largest connected component and virtually none of them are peripheral, suggesting that pHARassociated schizophrenia genes are located in more central positions than other schizophrenia genes in the prefrontal cortex network.
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The results from functional enrichment test of schizophrenia genes involved in the three types of accelerated regions are also concordant with the degree of enrichment of the schizophrenia GWAS regions with the three types of accelerated regions. pHAR-associated genes show the highest enrichment with the schizophrenia GWAS regions and as a result, pHAR-associated schizophrenia genes are significantly enriched in the highest number of GO categories, among which most are neuron related. In contrast, mHAR-associated genes are not enriched in schizophrenia GWAS regions and accordingly, mHAR-associated schizophrenia genes are not enriched in any GO categories. We also used QIAGEN's Ingenuity Pathway Analysis to detect molecular pathways that the pHAR-associated schizophrenia genes are enriched in (IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity, last accessed March 11, 2015) . Several signaling pathways show significance after correcting for multiple testing (supplementary table S1, Supplementary Material online), among which the most significant one is protein kinase A signaling. Interestingly, Sertoli cell junction signaling, which is essential for the spermatogenesis, is also among the top five pathways.
We demonstrate that pHAR-associated schizophrenia genes are significantly enriched in the GABA coexpression module, which is dysregulated in schizophrenia. The enrichment in the GABA module passes the stringent BenjaminiHochberg correction when using Fisher's exact test, but does not pass the more stringent multiple testing correction by INRICH. The reason we do not find strong signal of enrichment using INRICH could be that the test regions, that is, schizophrenia GWAS regions that overlap with pHAR genes, include other genes in addition to pHAR genes, which could weaken the statistical significance of the enrichment tests. Comparing to the other four modules that are also dysregulated in schizophrenia, GABA module is a well-replicated finding in postmortem studies of schizophrenia (Lewis et al. 1999 (Lewis et al. , 2004 Lewis 2000; Hashimoto et al. 2003) . In particular, studies have indicated reductions in cortical GABA content and the activity of glutamate decarboxylase 67 a GABA synthesizing enzyme. Notably, GABA-related abnormalities in schizophrenia are largely exclusive to the fast-spiking, parvalbumin-positive cortical interneurons in schizophrenia that are essential for synchronizing neuronal function and generate gamma oscillations (Lewis et al. 2005 ). Higher order cognitive processes that are affected in schizophrenia, like working memory depend on synchronization of neural oscillations in gamma frequency bands for optimal function. Therefore, abnormalities in GABAergic neurons will affect the generation of gamma oscillations, leading to cognitive symptoms and deficits that are present in schizophrenia.
Having seen that pHAR-associated schizophrenia genes are under stronger selective pressure and enriched in a coexpression module that's dysregulated in schizophrenia, we hypothesize that these pHAR-associated genes may reflect the regulatory specificity in humans compared with other primates. Thus, we test whether there exists any enrichment between the pHAR-associated genes and the genes showing human-specific expression shifts relative to other primate species. We use data set from Brawand et al. (2011) where they identified groups of genes with significant human-specific expression shifts in different organs through RNA-Seq analyses of primate orthologs. Specifically, we analyze four groups of such genes, including 303 genes in the cerebellum and 4 genes in the brain (as one group), 253 genes in the kidney, 93 genes in the liver, and 628 genes in the testis. However, we find no significant enrichment of the pHARassociated genes in any of these four groups of genes (P 4 0.1, Hypergeometric test). Notably, although there are only 11 genes shared by pHAR flanking regions and the genes with expression shift in the human cerebellum and brain, two (DPYD and CACNA1C) out of these 11 genes are associated with the schizophrenia GWAS regions under nominal P < 1e-8, representing a approximately 20-fold enrichment in schizophrenia genes under this threshold. Even though we do not find evidence supporting our hypothesis, we shall not completely rule out this possibility because 1) the pHARs may regulate gene expression at specific developmental stages or in specific brain regions that are not sampled by the study by Brawand et al. (2011) ; and 2) the primate species used to identify pHARs and the primate species used to identify genes with human-specific expression shifts are not exactly the same. Specifically, pHARs were identified in a phylogeny including a broad range of primates including apes, Old World monkey, tarsier, and wet-nosed primates (Lindblad-Toh et al. 2011 ), yet genes with human-specific expression shifts were identified in a phylogeny including only apes and Old World monkey (Brawand et al. 2011) .
Next, we investigate whether the schizophrenia GWAS regions are significantly enriched in any group of genes with human-specific expression shifts. Using the same approach (INRICH analysis) described previously, we find that the schizophrenia GWAS regions are significantly enriched in genes with human-specific expression shifts in the cerebellum and brain under all P-value cutoffs except for P < 1e-4. But only under the cutoff P < 1e-2 does the test pass the multiple testing correction (supplementary table S2 , Supplementary Material online). In comparison, no statistical significance is found for the tests in the other organs. Note that in these INRICH analyses, instead of using all the human genes as background, we only use the primate orthologs on the autosomes (~12,000 genes) as background. Because it is known that schizophrenia-associated loci are enriched in brain-expressed genes, the observed significance in cerebellum and brain could just mean that the tested gene set is a subset of brain-expressed genes. We therefore also test for enrichment using brain-expressed genes as background (similar to the analyses shown in fig. 1 ). We find that after multiple testing correction the enrichment is still significant at the P < 1e-2 cutoff (supplementary table S3, Supplementary Material online). The test is also significant at the P < 1e-7 cutoff using all the genes expressed in the brain as background (supplementary table S3 , Supplementary Material online). The results thus suggest that genes whose expression has been under selection in the human cerebellum and brain are potentially involved in schizophrenia. The enrichment of the schizophrenia GWAS regions in both genes surrounding pHARs and genes with lineage-specific expression shifts in the human cerebellum and brain strongly suggests that the regulatory changes in the human genome play important roles in schizophrenia.
In conclusion, we have demonstrated that genetic loci associated with schizophrenia are enriched in genes near genomic regions that have experienced accelerated evolution in humans compared with nonhuman primates after the primate lineage diverged from mammals, that is, pHARs. We further provide evidence that these pHAR-associated schizophrenia genes are evolutionarily more conserved than other schizophrenia genes and they are enriched in a gene coexpression module that's dysregulated in schizophrenia. Lastly, network analyses reveal that the pHAR-associated schizophrenia genes are located in more central positions than other schizophrenia genes in regulatory networks of the prefrontal cortex. We suggest that our analysis offers the first evolutionary systems understanding of the genetic architecture of schizophrenia. Although it was previously posited that the genetic basis of schizophrenia might be linked to human evolutionary trajectories due to associations with language and other human traits, our analysis offers among the first genome-wide molecular evolutionary evaluation of this hypothesis. Furthermore, the network analysis highlights specific gene regulatory network topologies that can be prioritized for further investigation into the driving molecular mechanisms of disease. While GWA studies and coexpression network analysis can identify many loci and transcripts correlated with disease status, the evolutionary informed network analysis may serve to highlight novel or prioritize opportunities for therapeutic development (Moalic et al. 2010) .
Furthermore, our findings highlight the importance of taking human-specific evolution into account for interpreting genetic architectures of human-specific diseases such as schizophrenia. A recent study demonstrates that schizophrenia noncoding variants lie within enhancer sequences and affect gene expression (Roussos et al. 2014) . The evidence provided suggests that integrative analysis of human-specific evolution with regulatory mechanisms of gene expression might be helpful in prioritizing genetic variants and genes associated with the etiopathogenesis of schizophrenia. With more data from GWA meta-analyses being generated, it would be interesting and valuable to examine the roles of HARs in other psychiatric diseases such as bipolar disorder and autism spectrum disorders as well as other complex diseases.
Materials and Methods
Schizophrenia GWAS Regions
Summary statistics of the clumped GWAS SNPs from the schizophrenia meta-analysis were downloaded from the PGC data repository (http://www.med.unc.edu/pgc/downloads, last accessed August 2014) (Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014). In order to determine the boundaries of genomic regions harboring the nominally significant SNPs, we used genotype data from 1000 Genomes' CEU population to estimate LD and positional distance (1000 Genomes Project Consortium 2012). After removing SNPs that are not in HardyWeinberg Equilibrium (P < 0.001) or have minor allele frequency less than 0.05, we used PLINK's "LD calculations" procedure to impute LD intervals of the clumped SNPs under different nominal P-value thresholds (Purcell et al. 2007 ). Specifically, tagging SNPs were chosen when they are in LD with the index SNPs with r 2 greater than 0.5 and they are less than 250 kb away from the index SNPs. Positions of the selected left-most and right-most tagging SNPs for an index SNP are the boundaries of its LD interval.
Human Accelerated Regions
HARs are defined to be the genomic regions that are highly conserved in nonhuman species but show signals of elevated substitution rates in syntenic regions in the human genome . Based on sequence conservation of mammals or vertebrates, multiple studies have identified slightly overlapping sets of HARs using different approaches Prabhakar et al. 2006; Bird et al. 2007; Bush and Lahn 2008; LindbladToh et al. 2011) . Among these studies, Lindblad-Toh et al. (2011) contains the most comprehensive mammalian phylogeny, including six primates (human, chimpanzee, rhesus macaque, tarsier, mouse lemur, and bushbaby) and 23 nonprimate mammals. In addition to identifying HARs based on conservation of mammals (mHARs), they also identified HARs based on conservation of primates (pHARs) as well as PARs based on conservation of other mammals (Lindblad-Toh et al. 2011) . These three data sets (mHARs, PARs, and pHARs) were therefore chosen as our accelerated regions. Because the accelerated regions are mostly noncoding and can potentially regulate the nearby genes, following the original article we used genes within 100 kb flanking regions for the enrichment test. Genomic coordinates based on hg18 were converted to hg19 using LiftOver tool (Kent et al. 2002 ).
Brain-Expressed Genes
We used the BrainSpan (http://developinghumanbrain.org, last accessed March 11, 2015) data set to define whether a gene was "brain-expressed" (Miller et al. 2014) . We used the genic RPKM (reads per kilobase per million) values as supplied by the study (Gencode v10 analysis, http://download.alleninstitute.org/brainspan/RNASeq_Gencode_v10/, last accessed March 11, 2015) from the dorsolateral prefrontal cortex and hippocampus. Genes with RPKM 4 1 were considered to be expressed in the brain and genes with RPKM 4 5 were considered to be highly expressed in the brain. In total, we identified 11,776 autosomal genes expressed in the brain and 9,784 autosomal genes highly expressed in the brain.
Genes with Human-Specific Expression Shifts
Genes whose expression levels are consistent in all branches but one species in a phylogenetic tree are considered to have experienced natural selection on the expression levels in that particular species. Using likelihood ratio test, Brawand et al. (2011) identified a number of genes that experienced lineagespecific expression shift in different human organs by performing RNA-Seq on multiple individuals of humans, chimpanzees, bonobos, gorillas, orangutans, and macaques (Brawand et al. 2011 ). We chose the identified genes from five organs including brain, cerebellum, kidney, liver, and testis. We combined the genes from the brain and cerebellum together as only four genes were identified in the human brain. We did not include the genes from the heart as only 13 genes were identified in the heart, which would not give us enough power for enrichment test. The gene number for each selected organ can be found in the main text.
Testing for Enrichment of Schizophrenia GWAS Regions in HARs
To test whether the GWAS-implicated LD intervals were enriched in the 100 kb flanking regions of the HARs and PARs, we first removed the LD intervals that overlap with the broad MHC region (chr6: 25,000,000-35,000,000, assembly hg19) because this region contains a large number of genes active in immune system and thus could bias the results. We then performed rigorous enrichment test using the INRICH program (Lee et al. 2012) . The tool calculates empirical P-values by randomly assigning genomic intervals along the genome for 10,000 times while matching the number and density of overlapping SNPs as well as the number of overlapping genes to those of the original LD intervals. It also corrects for multiple testing and accounts for gene length through a second round of permutation (5,000 times). The input files include: 1) list of the GWAS-implicated LD intervals, 2) list of genes flanking the HARs, 3) list of reference SNPs, that is, SNPs that were used to impute the LD intervals, and 4) list of reference genes, that is, all the human genes. Because the clumped GWAS SNPs were only available on the autosomes, all the input files were trimmed to include the autosomal data only.
Selective Pressure Comparison
Human-chimpanzee and human-macaque pairwise nonsynonymous substitution rate (d N ) and synonymous substitution rate (d S ) were obtained from Ensembl Biomart (Yang 2007; Vilella et al. 2009 ). Only the 1:1 orthologs were selected. 
Network Analysis
We used data set from a recent gene coexpression network analysis in cases with schizophrenia and healthy controls to test for enrichment of pHAR-associated schizophrenia genes in different coexpression modules (Roussos et al. 2012) . Briefly, in this study five modules (oligodendrocyte, glutamatergic, GABAergic, microglia, and astrocytes) were found to be differentially regulated in schizophrenia among the 32 identified coexpression modules.
To examine topological specialty, we constructed another coexpression network by applying WGCNA (Zhang and Horvath 2005; Langfelder and Horvath 2008) to a previously described data set of gene expression profiles from 220 postnatal samples of the prefrontal cortex gray matter (BA46/9) from postmortem brains absent of neuropsychiatric or neuropathological diagnosis (Colantuoni et al. 2011) . Thirty-six modules were identified from the analysis.
To further validate the results, we constructed a Bayesian network using a different independent prefrontal cortex data set composed of gene expression profiles from 173 samples of the dorsolateral prefrontal cortex (BA9) from postmortem brains of nondemented individuals (Zhang et al. 2013 ). The network was constructed using a previously described Bayesian network reconstruction algorithm implemented in the RIMBANET software package (Zhu et al. 2008 (Zhu et al. , 2012 . The network was then treated as undirected network and Cytoscape 3.1.1 was used for calculating node statistics and visualization (Cline et al. 2007 ).
Statistical Analysis
Functional enrichment tests were conducted using DAVID v6.7 (Huang et al. 2009a (Huang et al. , 2009b ) and QIAGEN's Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www. qiagen.com/ingenuity, last accessed March 11, 2015) . All other statistical analyses were conducted using R (R Development Core Team 2008).
